Changes in the lipids of Sclerotium rolfsii were followed during its growth in agar and liquid synthetic media. The fungus was grown either aerobically on a cellophane membrane placed on a synthetic agar medium, or under submerged conditions in the same liquid medium, using a rotary shaker, with sclerotial formation induced by pouring the culture into Petri dishes. In the aerobically-grown fungus, lipid content decreased from 1 19.7 pg (mg dry wt) -in the mycelium to a low content of 7.4 pg (mg dry wt)-in mature sclerotia. The non-polar lipids were mainly utilized at the sclerotial initiation stage, while the polar lipids were utilized during sclerotial maturation. Total lipid content in submerged mycelium was 10-fold less than in aerial mycelium; however initial and mature sclerotia produced from either the submerged or aerial mycelium were similar in their lipid content and in the composition and distribution of fatty acids. Increasing glucose concentrations in the growth medium increased the fungal biomass but did not change lipid content or composition in the two growth systems. A supplement of lo-' M-L-threonine to the growth media significantly increased the number of sclerotia produced in submerged culture. L-Threonine also prolonged the lag phase of a submerged culture and caused a delay in lipid accumulation. Moreover, L-threonine increased the lipid level but did not change the lipid or fatty acid distribution. This may help in elucidating the role of lipids in the mycelium during sclerotial formation.
INTRODUCTION
Sclerotium rolfsii has been extensively studied both as a plant pathogen and as a model in the study of differentiation and morphogenesis (Chet & Henis, 1975 ; Henis, 1979) . Synchronization of sclerotium formation could be induced by the addition to the growth medium of iodoacetic acid (Chet et al., 1966) , lactose (Okon et al., 1972) , or L-threonine (Kritzman et al., 1976) . Synchronous formation of sclerotia could also be triggered by changing the proportions of aerial and submerged mycelium (Hadar et al., 1981) . Hadar et al. (1983) found that depletion of glucose in a submerged culture of S . rolfsii induced the potential for sclerotia formation and caused a sharp increase in internal cAMP levels of the fungal hyphae. In Mucor racemows both cAMP and lipid synthesis are involved in morphogenesis (Larsen & Sypherd, 1974; Ito et al., 1982) . However, sclerotia of different fungi including S. rolfsii contain low levels of lipids, with fatty acids of carbon chains ranging from CI4 to C,8 (Wassef, 1977) . Howell & Fergus (1964) reported that palmitic and linoleic acids were the major acids found in the sclerotia of S. rolfsii. Gunasekaran & Weber (1972) analysed the lipids as well as the fatty acid composition of mycelium of S . rolfsii and found that the ratio of neutral to polar lipids was higher in S. rolfsii than in two other phytopathogenic fungi. They also found that the linoleic acid was the major fatty acid in the mycelium of this fungus. Pillai et al. (1975) also reported that the principal fatty acids in S . rolfsii were palmitic (13.3%) and linoleic (42.9%); they found little change in the relative proportions of the major fatty acid during sclerotial development. Bard (1962) found that only 0.7% of the dry weight of sclerotia was lipid material. However, little information is available concerning changes in quantity, composition, and classes of lipids accompanying the differentiation process. The present study reports on changes in lipid content during sclerotial formation in S . rolJsii grown on solid and liquid media.
METHODS
Strain andgrowth conditions. Sclerotium roifsiiSacc. type A ATCC 26325 (Chet & Henis, 1972 ) was grown at 30 "C on a cellophane membrane in Petri dishes (8.5 cm diam.) containing 15 ml synthetic medium (Okon et al., 1973) . The plates were inoculated in the centre with agar discs (0-5 cm diam.) covered with fungal mycelium which had been cut from a 5-d-old colony.
Flasks containing 50 ml of the same medium were inoculated with 1 ml of suspension containing 10 mg dry wt mycelium ml-I and incubated at 30 "C in a rotary shaker (New Brunswick Scientific) at 150 r.p.m. for 3 d. Inoculum was prepared by homogenizing mycelium in the culture flask with an Ultra-Turrax homogenizer (Janke & Kunkel KG, FRG) operated at one-third of maximum speed (Zweck et al., 1978) .
Chemical analyses. Either mycelium or sclerotia from liquid media were separated from the extracellular polysaccharide by centrifugation at 12000g for 20 min. Samples from the plate were taken for lipid analysis, and for the determination of dry weight samples were dried at 70°C in an oven to constant weight.
Mycelium from solid medium was harvested when it had reached a distance of 2 cm from the edge of the Petri dish. Only the marginal (1 cm) mycelium was harvested. Sclerotial initials were produced after a week of fungal growth and only those which had a light yellow colour were harvested. Mature sclerotia were removed from the cellophane membrane after two weeks of fungal growth and only the dark brown sclerotia were selected. Samples were taken for lipid analysis and dry weight determination.
Lipid extraction and fractionation. The method of Folch et al. (1957) was used for extraction of lipids. Samples (150-250 mg fresh wt) were homogenized in a 5 ml solution of chloroform and methanol 2: 1 (v/v), using a high speed homogenizer for 3 min, and internal standards (50 pg each) of heptadecanoic acid, triheptadecanoin and diheptadecanoylphosphatidyl choline (Sigma) were added. After 2 h 0.2 volumes of water were added and the layers were allowed to separate. The chloroform phase was separated, evaporated under N2 and the lipid classes were separated by TLC on layers of silica gel G (0.5 mm thick), using petroleum ether (60-8O0)/diethyl ether/acetic acid (75:25:1.5, by vol.) as the developing solvent (Sklan et al., 1975) . Triglycerides, free fatty acids and phospholipids were quantified using the internal standards. Phospholipids were calculated as for phosphatidyl c hol i ne . Samples were methylated or transmethylated with 5 % (v/v) sulphuric acid in methanol and subjected to GLC on a 2 m x 3 mm (i.d.) column of 30% diethylglycol succinate (Sklan et al., 1975) .
Glucose determination. Glucose was determined using the oxidase reagent (Sigma) according to the directions of the manufacturer.
R E S U L T S
Changes in fatty acid cornposition during sclerotia formation in solid medium Lipids were extracted from mycelium, sclerotium initials and mature sclerotia growing on a solid medium containing 0.5% (w/v) glucose as a carbon source. Total fatty acid (FA) content, lipid class distribution and FA composition were analysed. During the course of differentiation, total lipid content decreased from 119.7 pg (mg dry wt)-in the mycelium to 7.4 pg (mg dry wt)-in the mature sclerotia. The decrease in phospholipid (PL) content was lower than that of the free fatty acids (FFA) or the triglycerides (TG) (Fig. 1) . Changes in FA composition and distribution to lipid classes are shown in Table 1 .
Linoleic (CI8:?) and palmitic (C16:o) acids were the dominant fatty acids. However, during the transformation from mycelium to sclerotia, the relative proportion of linoleic acid decreased from 65 % to approximately 45 %, while the relative proportion of palmitic acid increased from 19% to 32%. The proportion of linoleic acid in PL decreased to approximately 10% while in the FFA, a sharp decrease of linoleic acid was observed when comparing the relative contents in the mycelium to those of the mature sclerotium. On the other hand, the proportion of palmitic acid in the FFA increased from 14.5% in the mycelium to 54% in mature sclerotia. Linoleic acid content in TG decreased when the fungus formed sclerotia initials and increased again in the 1.5 12-6 f 1.9 31.9 & 1.6 mature sclerotia. In contrast, the palmitic acid content in TG increased from 34.1% in the mycelium to 46.8% in the sclerotium initials but decreased to 32.2% in the mature sclerotia.
Changes in lipid content and composition as a function of glucose concentration during growth on
a solid medium Sclerotium rolfsii was grown on a cellophane membrane placed on agar medium containing 0.5, 1.5 and 4% glucose. Biomass, FA content and composition were measured at each morphological phase. Fungal biomass increased with glucose concentration in the growth medium ( Table 2 ). The weight of mycelium, initials and mature sclerotia of the fungus grown at 5 % glucose was lower by about 2.5-, 3-and 6-f0ld, respectively, than in the culture grown on 4% glucose. The effect of glucose concentration on the production of sclerotia in S. rolfsii grown in solid medium is shown in Fig. 2 . However, glucose concentration had no effect on lipid content in each morphological stage. Lipid content decreased from an average of 11 1 pg (mg dry wt)-in the mycelium through 41 pg (mg dry wt)-in the initials to a lowest content of 6.3 pg (mg dry wt)-in the mature sclerotia (Table 2) . Moreover, the distribution of the lipid classes was not affected by glucose concentration but differed with morphological stage. The relative content of PL in the mycelium was similar to that of FFA and together they constituted about 80-90% of the total FA. On the other hand, the relative content of PL in the sclerotial initials increased from 43% to an average of 63% while the relative portion of the FFA decreased to 10-20%. In the mature sclerotia, however, PL accounted for about 63 % of the total lipids, whereas the FFA content did not change. The relative content of TG did not exceed 20% throughout the differentiation stages.
Lipid distribution (%) Glucose
Changes in lipids of fungal culture grown in a liquid medium Sclerotium rorfii was grown on a liquid medium containing 0-5, 1.5 or 4% glucose. Cultures were grown to the point of glucose depletion and samples were then taken and examined for lipid content and composition. Samples from submerged culture were also poured into Petri dishes for induction of sclerotial formation and incubated at 30 "C (Hadar et al., 1981) . Sclerotial initials were harvested after 24 h, and examined for biomass, lipid content and composition. The same tests were run for mature sclerotia formed after 120 h of incubation.
Fungal biomass increased with glucose concentration at every morphological stage (Table 3) . Thus dry weight of the mycelium grown on medium containing 4% glucose was five-fold heavier than mycelium grown on 0.5% glucose in the media. The mature sclerotia produced by the fungus grown on 4% glucose were nine times heavier than those formed on 0.5% glucose. The effect of glucose concentration on sclerotia production by submerged culture is also demonstrated in Fig. 3 . In spite of the positive effect of glucose on the increase in biomass, it did not significantly affect the lipid concentration ( Table 3) . The lipid content increased from an average of 12.9 l g (mg dry wt)-in the submerged mycelium to 40.4 pg (mg dry wt)-in the Glucose had no consistent effect on the level of lipid classes at each morphological stage. PL constituted 40-50% of the total lipids in the submerged mycelium. The relative proportion of PL increased in the sclerotial initials to 6041% and then decreased and reached 6 3 4 4 % in the mature sclerotium. FFA comprised 29-50% of the total lipids in the submerged mycelium, and during the morphogenetic process decreased to 11-22%. TG showed slight changes during morphogenesis and consisted of 8-20% of the total.
Effect of L-threonine on sclerotia formation and the lipid content
Since L-threonine has been shown to induce sclerotia formation by S . rolfsii in a solid medium (Kritzman et al., 1976) , it was interesting to see whether this compound had any effect on lipid metabolism. Liquid media containing 0-5 % glucose as carbon source were supplemented with Lthreonine (1 O-* or 1 O-M). Samples (1 5 ml) of submerged mycelium were taken at intervals, poured into Petri dishes and incubated for 120 h at 30 "C. Samples were also taken for biomass and lipid content determination.
Numbers of sclerotia in L-threonine-supplemented media were significantly higher than in the control media. However, even in the presence of L-threonine a decline in sclerotial counts was observed after 95 h incubation of the submerged, shaken culture (Fig. 4) .
Data on changes in biomass and total lipid during the fungal growth are shown in significantly increased the lipid level of S . rolfsii submerged mycelium from 10 pg (mg dry wt)-to 40 pg (mg dry wt)-l. Maximum lipid level was observed when the fungus entered the exponential phase and it was delayed according to inhibition in biomass development by Lthreonine. No significant differences between L-threonine treatment and the controls in lipid classes or FA distribution were observed.
DISCUSSION
Lipid degradation via p-oxidation is often associated with the occurrence of the glyoxylate cycle through which acetyl-CoA is used to form malate that is in turn incorporated into glucose via gluconeogenesis, or amino acids (Brennan & Losel, 1978) . This has been demonstrated in conidia of Penicillium oxalicum (Gottlieb & Caltrider, 1963) , in rust uredospores (Caltrider et al., 1963) and is likely to be a general feature of dormant or germinating spores which metabolize endogenous lipids (Brennan & Losel, 1978) . The operation of both the tricarboxylic acid and the glyoxylate cycles are necessary for sclerotial formation in 5'. roysii (Kritzman et al., 1976) .
In some fungal species the growth cycle is characterized by rapid synthesis and accumulation of lipids during the exponential phase of growth, followed by utilization during the reproductive and stationary phases (Weete, 1974) . This general pattern of lipid turnover has been reported for Mortierella vinacea (Chesters & Peberdy, 1965) , Aspergillus nidulans (Singh & Walker, 1956) and Candida utilis (Dawson & Craig, 1966) . The utilization of lipids in the later stages of growth may be caused by the depletion of certain nutrients in the media, or alternatively, attributed to changes in fungal metabolism during morphogenesis (Weete, 1974) . When S . rolfsii was grown on a solid medium, lipids accumulated in the mycelium up to 11.2% of the fungal dry weight. During sclerotial formation the lipid content decreased to as little as 0.7% in the mature sclerotia. These results corroborate the general scheme outlined above. Total lipids in S. rolfsii did not change when the glucose concentration in the medium was increased from 0.5 to 472 regardless of whether the fungus was grown in a liquid shaker or a stationary solid medium. However, this is not the case with other fungi mentioned by Weete (1974) .
Lipid content is also affected by the culture method which determines the degree of aeration. We found that the total lipid content in a submerged culture was 10-fold less than in the aerial mycelium growing on the surface of Petri dishes. Total lipids in the sclerotial initials and in the mature sclerotia which emerged from the submerged culture did not differ from those produced on the surface culture. Similarly, Mucor genevensis grown in aerobic conditions accumulated a total lipid level four times higher than a culture grown under anaerobic conditions (Gordon et al., 1971) .
In spite of the great difference in total lipid content in submerged as compared to aerial mycelium the composition of lipid to class and FA in mycelium of S. rolfsii did not differ significantly. It should be noted that in Mucor rouxii, polar lipids comprise over 90% of the total lipids in anaerobically-grown cells as compared to 60% in aerobically-grown cells (Safe & Duncan, 1974) . In contrast, lipid composition of mycelium, sclerotial initials and mature sclerotia obtained from either submerged or aerial cultures of S . rolfsii were strikingly similar. Our results corroborate those of Bard (1962) who found a lipid content of 0.7% in mature sclerotia of S . rolfsii. Although there were quantitative differences, the major fatty acids in both mycelium and sclerotia of S. rolfsii were linoleic and palmitic acids. The transformation from mycelia to sclerotia was characterized by a decrease of the relative amount of linoleic acid and increase in palmitic acid.
Polar lipids, which play a role in membrane structure were found in all the fungal structures tested, whereas neutral lipids were present in the fungal hyphae and in immature sclerotia, but not in mature ones. In the mature sclerotia of S . rolfsii phospholipids were the major components while non-polar lipids were present only in small amounts. Thus, it seems that lipid in sclerotia of S. rolfsii serves mainly as a structural compound.
Addition of cAMP to the growth medium of Mucor racernosus induced yeast-like development, while the removal of CAMP resulted in a hyphal form (Larsen & Sypherd, 1974) . It is well established in animal cells that cAMP stimulates a protein kinase that catalyses the phosphorylation of a lipase (Corbin et al., 1970) . Morphogenesis in M . racernosus was followed by lipid synthesis (It0 et al., 1982) . Hadar et al. (1981, 1983) found that depletion of glucose in a submerged culture of S . rolfsii induced the potential for sclerotia formation and caused a sharp increase in internal cAMP levels of the fungal hyphae. In this study, we have shown that lipids were utilized during sclerotia formation. These two events are apparently interconnected.
Kritzman et al. (1976) have shown that L-threonine induced a rhythmic mode of growth in S. rolfsiigrown on a solid medium and caused a circadian formation of sclerotia. In addition, it was found that more sclerotia were produced in the fungus grown on L-threonine-supplemented medium. Studying the metabolism of L-threonine revealed that the amino acid activated the operation of the glyoxylate cycle in addition to the TCA cycle. Presumably, initiation, development and maturation of sclerotia in S . rolfsii require higher levels of energy and metabolites than the usual vegetative growth (Kritzman et al., 1977) . In the present study we have detected changes in total lipid content as well as in their distribution in submerged culture. A significant increase in sclerotial number produced in the presence of L-threonine in a submerged culture was observed (Fig. 4) . Concomitantly a pronounced increase in lipid accumulation was detected in mycelium grown in L-threonine-supplemented media. However, lipid content and composition in the sclerotia were similar and were not influenced by the presence of the amino acid in the growth medium.
Apparently, the lipids play a role in the morphogenetic process. Their accumulation in the hyphae just before initiation and the dramatic decrease during sclerotial formation and maturation suggests that the fungus specifically utilizes them in the production of the resting structure.
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